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Solar gasification offers a promising carbon-neutral pathway to thermochemically convert waste biomass and solar energy into synfuel. In this study, a thermodynamic analysis of solar gasification of oil palm empty fruit bunch (EFB) with H2O and CO2 gasifying agents was first performed to predict equilibrium product distribution. Subsequently, on-sun continuous solar gasification of EFB was experimentally carried out in a solar particle-fed gasifier to evaluate the influence of gasifying agent types (H2O and CO2), gasifying agent/EFB molar ratios (1.8-3.4), temperatures (1050-1350°C), and to assess overall process feasibility and reliability. As a result, solar EFB gasification performed efficiently with both H2O and CO2 gasifying agents under continuous on-sun operation. Syngas product composition and gasification reaction rate strongly depended on gasifying agent type. Increasing temperature enhanced syngas yield and quality, and changed the CO/H2 mole ratio, especially in EFB+CO2 gasification. A gasifying agent/EFB molar ratio of 2.6 (slight excess of gasifying agents) and a temperature of 1300 °C were shown to be optimal for continuous solar EFB gasification. The maximum total syngas yield above 76 mmol/gdry_EFB, syngas lower heating value above 22 kJ/gdry_EFB, and energy upgrade factor above 1.37 were achieved from both EFB+H2O and EFB+CO2 gasification, which closely approached their theoretical equilibrium values. The maximum carbon conversion exceeding 93% and solar-to-fuel energy conversion efficiency up to 19.3% were achieved, demonstrating efficient EFB-to-synfuel conversion performance.

Continuous solar EFB gasification with both H 2 O and CO 2 was thus established to be a reliable process for EFB waste biomass valorization into high-quality and carbon-neutral synfuel.

Introduction

Oil palm agricultural bio-waste is an abundant and widely available resource in many tropical regions, particularly in Southeast Asia [START_REF] Wagner | Quantifying oil palm expansion in Southeast Asia from 2000 to 2015: A data fusion approach[END_REF]. Thailand is one of the major oil palm producers [START_REF] Malithong | Zero Waste Management to Increase Efficiency in Palm Oil Production and Processing for Food Security in Thailand[END_REF][START_REF] Prasertsan | Biomass residues from palm oil mills in Thailand: An overview on quantity and potential usage[END_REF], and generates a significant quantity of oil palm waste (above 50 million tons in 2022), including empty fruit bunches (EFB), palm oil mill effluent, palm kernel shells, and palm fronds. Of this, the largest component of oil palm waste exceeding 19 million tons was EFB [START_REF] Jusakulvijit | The Availability and Assessment of Potential Agricultural Residues for the Regional Development of Second-Generation Bioethanol in Thailand[END_REF][START_REF] Dangprok | Development of a cost optimization model for power generation from agricultural residual biomass in Thailand[END_REF]. Therefore, developing a promising route to convert this waste while taking care of environmental impact remains a challenging target.

In addition, Thailand has significant solar energy potential (18-20 MJ/m 2 /day), thanks to its location in the tropics [START_REF] Pongthanaisawan | Thailand Energy Scenarios: Pathways towards Carbon Neutrality 2050[END_REF][START_REF] Mongkoldhumrongkul | Techno-economic analysis of photovoltaic rooftop system on car parking area in Rayong, Thailand[END_REF][START_REF] Chimres | Critical review of the current status of solar energy in Thailand[END_REF]. In 2021, Thailand had a total installed solar power capacity of approximately 3000 MW, with a growth driven by government policies and incentives. Due to the high potential of both waste biomass and solar energy sources, solar gasification of EFB biomass is an attractive prospect because it combines two renewable energy sources in a single process [START_REF] Gregg | Solar coal gasification[END_REF][START_REF] Taylor | Solar gasification of carbonaceous materials[END_REF][START_REF] Piatkowski | Solar-driven gasification of carbonaceous feedstock-a review[END_REF] for their conversion to synthesis gas (syngas) (Fig. 1). The syngas can be further utilized to produce methanol [START_REF] De Klerk | 10 -Transport Fuel: Biomass-, Coal-, Gas-and Waste-to-Liquids Processes[END_REF] or long-chain hydrocarbons including jet fuels via Fischer-Tropsch synthesis [START_REF] Yao | Thermodynamic study of hydrocarbon synthesis from carbon dioxide and hydrogen[END_REF]. Subsequently, H2O and CO2 products from combustion can be either reused as gasifying agents again for solar gasification by direct air capture or directly absorbed by oil palm plantation, thereby closing the carbon-neutral process. Solar gasification further offers significantly higher carbon conversion efficiency [START_REF] Chuayboon | Comprehensive performance assessment of a continuous solar-driven biomass gasifier[END_REF] with reduced carbon emissions [START_REF] Chuayboon | An overview of solar decarbonization processes, reacting oxide materials, and thermochemical reactors for hydrogen and syngas production[END_REF] and lower energy costs [START_REF] Boujjat | Techno-Economic Assessment of Solar-Driven Steam Gasification of Biomass for Large-Scale Hydrogen Production[END_REF] than traditional gasification processes. This is because the process uses solar energy as an external heat source to power the gasification reaction, rather than burning a portion of the feedstock, thus outperforming conventional approaches. In addition, by coupling with solar energy storage systems [START_REF] André | Recent Advances in Thermochemical Energy Storage via Solid-Gas Reversible Reactions at High Temperature[END_REF] or via hybridization [START_REF] Boujjat | Experimental and numerical study of a directly irradiated hybrid solar/combustion spouted bed reactor for continuous steam gasification of biomass[END_REF][START_REF] Curcio | Design and validation of reactant feeding control strategies for the solar-autothermal hybrid gasification of woody biomass[END_REF], solar gasification can be operated round-the-clock [START_REF] Rodat | On the path toward day and night continuous solar high temperature thermochemical processes: A review[END_REF]. In this study, solid EFB was selected as biomass feedstock due to its high availability for gasification with H2O and CO2. The ideal stoichiometric solar gasification reactions of EFB (with an empirical formula as C7H12O5) can be expressed as: C7H12O5 + 2H2O → 8H2 +7CO

(1)

C7H12O5 + 2CO2 → 6H2 + 9CO (2) 
Possible side reactions (solid-gas and gas-phase reactions) taking place during the gasification process are as follows: 

CO+H2O  CO2 +H2 ΔH°=-

CH4+CO2→2CO+2H2

ΔH°=247 kJ/mol [START_REF] Mongkoldhumrongkul | Techno-economic analysis of photovoltaic rooftop system on car parking area in Rayong, Thailand[END_REF] Previous studies on EFB gasification were mostly based on conventional gasification processes [START_REF] Sikarwar | An overview of advances in biomass gasification[END_REF][START_REF] Malek | Low-tar, highly burnable gas production from the gasification of pelletized palm empty fruit bunch[END_REF][START_REF] Azahar | A Review on the Palm Oil Waste Thermal Degradation Analysis and Its Kinetic Triplet Study[END_REF][START_REF] Jeguirim | Chapter 10 -Thermochemical conversion[END_REF], including direct gasification (autothermal gasifier) [START_REF] Mohammed | Gasification of oil palm empty fruit bunches: A characterization and kinetic study[END_REF][START_REF] Pio | Characteristics of the gas produced during biomass direct gasification in an autothermal pilot-scale bubbling fluidized bed reactor[END_REF], indirect gasification (allothermal gasifier) [START_REF] Vargas-Mira | A Technical and Environmental Evaluation of Six Routes for Industrial Hydrogen Production from Empty Palm Fruit Bunches[END_REF][START_REF] Mayerhofer | Influence of pressure, temperature and steam on tar and gas in allothermal fluidized bed gasification[END_REF], supercritical water gasification [START_REF] Ruya | Sustainable hydrogen production from oil palm derived wastes through autothermal operation of supercritical water gasification system[END_REF], fluidized bed gasification [START_REF] Lahijani | Gasification of palm empty fruit bunch in a bubbling fluidized bed: A performance and agglomeration study[END_REF], catalytic gasification [START_REF] Monir | Catalytic Gasification of Empty Palm Fruit Bunches Using Charcoal and Bismuth Oxide for Syngas Production[END_REF], and techno-economic analyses [START_REF] Detchusananard | Pyrolysis and gasification integrated process of empty fruit bunch for multi-biofuels production: Technical and economic analyses[END_REF]. Regarding the solar gasification of EFB, the effects of temperature, H2O/EFB molar ratio, and EFB flowrate on gasification performance were experimentally assessed, and optimal operating parameters were examined using a central composite design [START_REF] Saa | Solar-driven steam gasification of oil palm empty fruit bunch to produce syngas: Parametric optimization via central composite design[END_REF]. As a result, EFB was converted to highquality syngas with carbon conversion exceeding 95%, solar to-fuel energy conversion efficiency approaching 20%, and energy upgrade factor exceeding one. Then, Chuayboon and

Abanades [START_REF] Chuayboon | Continuous solar-driven gasification of oil palm agricultural bio waste for high-quality syngas production[END_REF] studied the performance of continuous steam gasification of EFB, aiming at finding the optimal EFB feeding rate at temperatures from 1100 to 1300°C. Gasification performance was maximized at the optimal biomass feeding rate of 1.4 g/min at 1300°C and 1.0 g/min at 1200°C with carbon conversion approaching 97%, energy upgrade factor of 1.38, and solar-to-fuel energy conversion efficiency up to 20%. The influence of gasifying agents on the solar gasification of EFB is of particular importance because the type of gasifying agent (H2O or CO2) has a significant impact on the process efficiency and gasification product composition. A few studies have been carried out on solar CO2 and H2O gasification with woody biomass only [START_REF] Bellouard | Biomass Gasification in an Innovative Spouted-Bed Solar Reactor: Experimental Proof of Concept and Parametric Study[END_REF][START_REF] Chuayboon | Thermodynamic and Experimental Investigation of Solar-Driven Biomass Pyro-Gasification Using H2O, CO2, or ZnO Oxidants for Clean Syngas and Metallurgical Zn Production[END_REF], whereas a comparison of solar gasification of EFB waste biomass with CO2 and H2O has never been done before.

Therefore, the present work aims to investigate and compare continuous solar gasification of EFB using H2O and CO2 as gasifying agents. Thermodynamic analysis was first performed to predict the theoretical chemical equilibrium composition of EFB gasification reactions with H2O and CO2 oxidants as a function of the temperature. Then, the experimental investigation of continuous gasification of EFB was performed in a lab-scale particle-fed reactor heated by concentrated solar energy. Thus, the thermochemical gasification process was operated under representative solar radiation conditions, offering a clean path for converting renewable solar energy to long-term storable and dispatchable synfuel. A parametric study including the effect of gasifying agent type (H2O and CO2), gasifying agent/EFB molar ratio (1.8-3.4), and reaction temperature (1050-1350°C) was experimentally conducted. The influence of such operating parameters on syngas production rate, syngas yield, syngas lower heating value, carbon conversion, energy upgrade factor, and solar-to-fuel energy conversion efficiency was assessed and compared thoroughly. Agricultural biowaste from oil palm resource was proved to be compatible with continuous solar gasification for ultimate conversion to clean and dispatchable synthetic fuel.

Materials and methods

EFB preparation and characterization

EFB biomass was acquired from the palm oil milling industries in Chumphon province, Thailand. Prior to its utilization, EFB was dried to reduce moisture content below 10 wt% and then cut into tiny parts by a crusher machine to obtain a size distribution between 1-2 mm with a bulk density of around 0.17 g/cm 3 . The physical and chemical properties of EFB biomass are presented in Table 1. 

Experimental methods

A 1.5 kWth particle-fed solar gasifier was utilized (Fig. 2) [START_REF] Kodama | Particle reactors for solar thermochemical processes[END_REF], which consists of a vertical cylindrical cavity with a conical shape at its bottom. The reactor is closed from ambient air by a hemispherical transparent window fixed to the water-cooled stainless-steel shell. EFB biomass particles are injected via an automatic feeding transportation system, while gasifying agents are injected via the cavity bottom [START_REF] Chuayboon | Continuous solar-driven gasification of oil palm agricultural bio waste for high-quality syngas production[END_REF]. The alumina cavity is well insulated by a porous ceramic fiber made of SiO2 and Al2O3, resistant to temperatures up to 1600°C. Concentrated solar power enters the cavity through a 17-mm diameter aperture placed on top of the cavity receiver. Reactor temperatures (T1 inside the cavity and T2 at cavity wall) are measured by Btype thermocouples. They are compared with the temperature measured by a pyrometer (T pyrometer ). Reactor pressure is measured by a pressure transducer (P 1 ), as shown in Fig. 2a.

Gasifying agents (H2O and CO2) are controlled by thermal mass flow controllers. Fig. 3 shows that the reactor heating process took almost 40 min to reach 1300°C (at T1).

Temperatures inside the cavity (T1 and Tpyrometer) and cavity wall (T2) were comparable, demonstrating homogeneous heating in the reaction zone. In the meantime, the cavity pressure (P1) remained stable at 0.85 bar during the reactor heating period. The Direct Normal Irradiation (DNI) increased slightly with time in the range of 0.97-0.98 kW/m 2 over the entire run. A protective Ar flow of 2.0 NL/min was introduced upwards through two stainless steel tubes to protect the transparent glass window. Once the temperature was constant for a few minutes, the gasifying agent was initiated along with Ar carrier gas (0.20 NL/min) through its inlet at the cavity bottom, resulting in a slight pressure increase to 0.87 bar within 33-40 min.

During the gasification reaction period, the temperature tended to decrease, as the solar thermal power input was absorbed by the endothermic reaction. Temperatures fluctuated slightly because of unstable biomass injection and manual control of solar power input. Meanwhile, the total pressure increased slightly to ∼0.90 bar resulting from gas species being released during the reaction, and it varied consistently with temperature. During the cooling down period after complete feedstock load injection, the reaction stopped while the temperature and pressure dropped rapidly to below 1000°C within 15 min.

In each experiment, EFB with an initial mass of 15g was injected at a constant feeding rate of 1.6 g/min using an automatic particle feeding delivery system to the cavity receiver along with Ar carrier gas (flow-rate of 0.5 NL/min). Continuous EFB gasification reaction proceeded until reaction completion within 30 min. Syngas left the solar reactor through the outlet port.

Subsequently, it flowed through a scrubber so that unreacted char particles and unconverted water were collected. Cleaned syngas then flowed through a microfilter (pore diameter of 0. 1 µm) prior to gas products analysis. The concentration of each species in evolved syngas was measured continuously by an online gas analyzer (GAS 3180P+, uncertainty ≤ 2% FS) and compared with a gas chromatograph (micro-GC, Varian CP4900). All the measured data were recorded by an automatic data collector. Based on the standard deviation of gas analysis measurements, the relative uncertainty on the syngas yields and reactor performance metrics was estimated to be ±2.5%. The performance indicators of solar gasification of EFB were determined as follows.

The carbon conversion (XC, Eq. 8) is the ratio of the carbon contained in the syngas product species to that contained in the biomass feedstock:

𝑋 𝐶 = ∫ 𝐹 𝐶𝑂 (𝑡) 𝑡 0 𝑑𝑡 + ∫ 𝐹 𝐶𝑂 2 (𝑡) 𝑡 0 𝑑𝑡 +∫ 𝐹 𝐶𝐻 4 (𝑡) 𝑡 0 𝑑𝑡 +∫ 2𝐹 𝐶 2 𝐻 𝑚 (𝑡) 𝑡 0 𝑑𝑡 ∫ 7𝐹 𝐶 7 𝐻 12 𝑂 5 (𝑡) 𝑡 0 𝑑𝑡 (8) 
where Fi represents the molar flow rate of species i (mol/s).

The energy upgrade factor (U, Eq. 9) is the ratio of the syngas energy content to that of the EFB biomass feedstock:

𝑈 = (𝐿𝐻𝑉 𝑠𝑦𝑛𝑔𝑎𝑠 •𝑚̇𝑠 𝑦𝑛𝑔𝑎𝑠 ) (𝐿𝐻𝑉 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 •𝑚̇𝑓 𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 ) (9) 
where LHVsyngas and LHVfeedstock are the lower heating values of syngas products and biomass feedstock (J/kg), 𝑚̇𝑠 𝑦𝑛𝑔𝑎𝑠 and 𝑚̇𝑓 𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 are the mass flow rates (kg/s).

The solar-to-fuel energy conversion efficiency (𝜂 𝑠𝑜𝑙𝑎𝑟-𝑡𝑜-𝑓𝑢𝑒𝑙 , Eq. 10) is the ratio of the energy content of the syngas to the total energy input (including both the solar power input and the EFB feedstock energy content):

𝜂 𝑠𝑜𝑙𝑎𝑟-𝑡𝑜-𝑓𝑢𝑒𝑙 = (𝐿𝐻𝑉 𝑠𝑦𝑛𝑔𝑎𝑠 •𝑚̇𝑠 𝑦𝑛𝑔𝑎𝑠 ) 𝑄 ̇𝑠𝑜𝑙𝑎𝑟 +(𝐿𝐻𝑉 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 •𝑚̇𝑓 𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 ) (10) 
where 𝑄 ̇𝑠𝑜𝑙𝑎𝑟 is the solar power input (W).

Results and discussion

Thermodynamic equilibrium prediction of EFB gasification

The H2O and CO2 gasification reactions of EFB were thermodynamically computed to establish their chemical composition at equilibrium using HSC chemistry software. Fig. 4 represents the equilibrium product distribution of EFB gasification with H2O at 1 bar as a function of temperature, according to the stoichiometric mixture of Eq. 1. Overall, syngas composition varies with temperature. High amounts of CH4 and CO2 gas species are evidenced below 500°C. At the initial state, moisture in EFB vaporizes to H2O(g). Then, dried EFB is thermally decomposed to C(s), CO2, CH4, and H2 above 300°C. In the meantime, solid carbon is oxidized with H2O, as evidenced by a steep decline in C(s). CO2 and CH4 decrease while H2

and CO increase with increasing temperature, highlighting that syngas yield and quality can be upgraded by increasing temperature. H2 and CO level off, and then the reaction reaches completion above 1000°C, producing a H2-rich syngas with a H2/CO ratio of 1.14. The equilibrium product distribution of EFB gasification with CO2 as a function of temperature is represented in Fig. 5, according to Eq. 2. Similar to steam gasification of EFB, product gas species vary with temperature. At the initial state, the stable species include C(s), CO2, CH4, and H2. Subsequently, C(s) is oxidized with CO2. In comparison to H2O gasification, H2 and CH4 from CO2 gasification are formed in lower amounts, whereas CO is obviously formed in higher amounts. Above 1000°C, the reaction produces a CO-rich syngas with a CO/H2 ratio of 1.5. 

Syngas production rate evolution from continuous H2O and CO2 gasification of EFB

The experimental study of solar waste biomass gasification was carried out in a hightemperature solar particle-fed reactor under real solar irradiation conditions, with emphasis on the effect of gasifying agent types (H2O and CO2), gasifying agent/biomass molar ratios, and temperatures on syngas yield and reactor efficiencies. Representative evolutions of syngas production rates are plotted in Fig. 6 comparing continuous solar gasification of EFB with H2O and CO2 at 1300 ºC. The syngas production rates including H2, CO, CO2, CH4, and C2Hm measured by an online gas analyzer (solid lines) compared with those measured at given times by gas chromatography (dots), along with reactor temperature (T1 inside the cavity receiver) are plotted as a function of time. EFB biomass (total amount of 20 g) was injected with a constant feeding rate of 1.60 g/min, while an inlet CO2 flow-rate of 0.51 NL/min (Fig. 6a) and inlet H2O flow-rate of 415 mg/min (Fig. 6b) were set, both resulting in a (H2O or CO2)/EFB molar ratio of 2.6 (slight excess of gasifying agents compared to the stoichiometric ratio of two). Note that the production rate of each gas species (Fi) was calculated from the known total inert Ar flow rate and the mole fractions of gas species measured by syngas analyzers (yi): Fi = FAr•yi/yAr (presented in the unit of NL/min). Overall, continuous syngas production was demonstrated with high H 2 and CO production rates. Syngas fluctuated over the entire run due to the EFB injection instability and periodic drop of parcels in the reactor cavity, in turn causing variations in the syngas production output. This was chiefly due to the EFB particles morphology (irregular shape and size) and low density. The temperature (T1) was kept constant at ~1300°C throughout the test, indicating a suitable control of the solar heating system. The syngas production rates measured from the online gas analyzer (solid lines) closely overlapped those measured from gas chromatography (dots), confirming the results reliability and accuracy.

EFB+H2O gasification (Fig. 6a) resulted in slightly higher H2 production rates than CO, in agreement with thermodynamic analysis (Fig. 4). H2 and CO peak production rates exceeded 1.2 and 1.0 NL/min, respectively, while their average values were 0.93 NL/min for H2 and 0.71 NL/min for CO. A significant reduction in the CO2, CH4, and C2Hm production rates was demonstrated with their average value as low as 0.08 NL/min for CO2 and 0.06 NL/min for CH4 thanks to the high reaction temperature, which is consistent with thermodynamics. In addition, the carbon consumption rate of EFB+H2O gasification, i.e. the summation of carbon contained in the syngas products from CO, CO2, and CH4, was found to be 0.45 g/min. Syngas yields were 39.7 (H2), 30.3 (CO), 3.7 (CO2), 2.6 (CH4), and 0.9 (C2Hm) mmol/gdry_biomass, resulting in an average H2/CO ratio of 1.3 Compared to EFB+H2O gasification, EFB+CO2 gasification yielded significantly higher CO production rates than H2 (Fig. 6b), in agreement with thermodynamic predictions (Fig. 5). EFB+CO2 gasification took significantly longer duration to reach reaction completion than EFB+H2O gasification (23 min for EFB+H2O vs. 37 min for EFB+CO2). This is because EFB+CO2 gasification exhibits slower reaction kinetics than EFB+H2O gasification, particularly due to the reduced kinetics to gasify the carbon via the Boudouard reaction (Eq. 6). CO and H2 peak production rates were above 0.70 and 0.35 NL/min, whilst their average values were 0.60 NL/min for CO and 0.22 NL/min for H2, resulting in an average CO/H2 ratio of 2.8. The average CO2 and CH4 outlet flow-rates were 0.28 NL/min and 0.02 NL/min, respectively. The carbon consumption rate from EFB+CO2 gasification was found to be 0.34 g/min, thus lower than that from EFB+H2O gasification, confirming a slower reaction rate of EFB+CO2 gasification and thereby leading to longer reaction duration.

The average CO2 value was high simply because of unreacted CO2 at the outlet. Syngas yields were found to be 54.3 (CO), 18.2 (H2), 1.8 (CH4), and 0.4 (C2Hm) mmol/gdry EFB. The CO2 outlet flow-rate of 0.51 NL/min at the end of the experiment was equal to the inlet CO2 flow-rate while CO approached zero, indicating reaction completion. In summary, the continuous EFB gasification performed efficiently with both H 2 O and CO 2 as gasifying agents, yielding high syngas production rates throughout the experiment. EFB+H2O gasification exhibited a faster gasification rate than EFB+CO2 gasification, which can substantially reduce reaction duration. Improving EFB injection stability would be beneficial for smooth continuous EFB gasification. 

Influence of CO2/EFB molar ratio and gasification temperature

The gasifying agent concentration plays an essential role in the performance of continuous solar gasification of EFB. Low or high oxidant contents resulted in a negative impact on solar gasification reactions [START_REF] Chuayboon | Comprehensive performance assessment of a continuous solar-driven biomass gasifier[END_REF][START_REF] Chuayboon | Experimental analysis of continuous steam gasification of wood biomass for syngas production in a high-temperature particle-fed solar reactor[END_REF][START_REF] Chuayboon | Insights into the influence of biomass feedstock type, particle size and feeding rate on thermochemical performances of a continuous solar gasification reactor[END_REF]. It is worth noting that increasing CO2 concentration tends to result in a higher amount of unreacted CO2 and syngas product contamination, which downgrades syngas quality and requires CO2 separation. Gasification with different amounts of CO2 was thus experimentally evaluated at different temperatures. EFB (15 g) was continuously injected with a constant EFB feeding rate of 1.60 g/min while the inlet CO2 flow-rate was changed from 0.35 NL/min, to 0.51 NL/min, and 0.66 NL/min, resulting in CO2/EFB molar ratios of 1.8 (deficient in CO2), 2.6 (slight CO2 excess), and 3.4 (large CO2 excess), respectively. Note that the stoichiometric CO2/EFB molar ratio equals two, according to Eq. 2. Fig. 7 shows the syngas yields from continuous solar CO2 gasification of EFB plotted as a function of CO2/EFB molar ratios in the range 1.8-3.4 at 1100-1300°C. Syngas yields were calculated by integrating the gas production rates over operating time, and were presented in the unit of mmol/gdry_EFB (millimole per gram of dry EFB biomass).

As evidenced in Fig. 7a, at 1100°C, H2 rose, reached a peak, and then diminished with increasing CO2/EFB molar ratio, whereas, at 1200 and 1300°C, H2 declined with CO2/EFB molar ratio. For example, at 1300 C, the H2 yield dropped slightly from 21.3 mmol/gdry_EFB to 20.3 mmol/gdry_EFB and levelled off. This indicated that an increase in the CO2/EFB molar ratio can downgrade the H2 yield. In contrast, CO (Fig. 7b) increased, reached a peak, and then decreased with increasing CO2/EFB molar ratio, especially at 1200-1300°C, in agreement with [START_REF] Bellouard | Biomass Gasification in an Innovative Spouted-Bed Solar Reactor: Experimental Proof of Concept and Parametric Study[END_REF] in which the quantity of CO produced strongly increased with the CO2 flow rate due to char gasification by Boudouard reaction (Eq. 6). Notably, the peak CO yield at both 1200°C and 1300°C was found at a CO2/EFB molar ratio of 2.6 with the value of 54 mmol/gdry_EFB at 1300°C, followed by 50 mmol/gdry_EFB at 1200°C. However, at 1100C, the CO yield evolution remained increasing with the CO2/EFB molar ratio, possibly due to low gasification temperature. H2 and CO evolution trends indicated an optimal CO2/EFB molar ratio at 2.6 (slight CO2 excess). In addition, at any CO2/EFB molar ratios, H2 and CO yields increased significantly with increasing temperature, in agreement with [START_REF] Chuayboon | Comprehensive performance assessment of a continuous solar-driven biomass gasifier[END_REF] in which the quantities of H2 and CO increased by 40% and 30%, respectively, when increasing the temperature from 1100 °C to 1300 °C. As expected, CO2 yield (Fig. 7c) rose with increasing CO2/EFB molar ratio because of the rise in excess CO2 gasifying agent. In fact, some CO2 yield also came from the reaction, and its amount was drastically fewer than unreacted CO 2 amounts. Nevertheless, CO 2 can be reduced by increasing the temperature to 1200°C or 1300°C. Regardless of the temperature, CH4 (Fig. 7d) and C2Hm (Fig. 7e) increased at CO2/EFB molar ratios of 1.8 (deficient in CO 2 ) or 3.4 (large CO 2 excess), denoting that deficient CO 2 or large CO 2 excess promoted CH4 and C2Hm formation (thus degraded syngas quality). The lowest CH4 and C2Hm yields were found at a CO2/EFB molar ratio of 2.6 (slight CO2 excess), pointing out the optimal CO2/EFB molar ratio. Additionally, CH4 and C2Hm yields can be reduced by increasing the temperature, in agreement with thermodynamic prediction (Fig. 5) and previous studies [START_REF] Chuayboon | Comprehensive performance assessment of a continuous solar-driven biomass gasifier[END_REF][START_REF] Chuayboon | Thermodynamic and Experimental Investigation of Solar-Driven Biomass Pyro-Gasification Using H2O, CO2, or ZnO Oxidants for Clean Syngas and Metallurgical Zn Production[END_REF][START_REF] Chuayboon | Experimental analysis of continuous steam gasification of wood biomass for syngas production in a high-temperature particle-fed solar reactor[END_REF][START_REF] Chuayboon | Experimental assessment of biomass feedstock gasification in a high-temperature continuous solar gasifier[END_REF][START_REF] Bellouard | Solar thermochemical gasification of wood biomass for syngas production in a high-temperature continuously-fed tubular reactor[END_REF] as CH4 and C2Hm formation is favored by low temperatures. For example, at a CO2/EFB molar ratio of 2.6, CH4 and C2Hm yields were 2.3 and 0.7 mmol/gdry_EFB at 1100 °C, and diminished to 1.8 and 0.4 mmol/gdry_EFB at 1300°C. Thus, CH4 and C2Hm yields can be minimized by adjusting the CO2/EFB molar ratio to its optimal point while increasing the gasification temperature, thereby enhancing both syngas quality and syngas yield. The total syngas yield (Fig. 7f) was enhanced by adjusting the CO2/EFB molar ratio to a proper value of 2.6, yielding above 76 mmol/gdry-EFB at 1300°C, and it tended to level off at a CO2/EFB molar ratio of 3.4. The total syngas yield decreased to the range of 65.8-70.4 mmol/gdry_EFB at 1200°C and 43.9-47.1 mmol/gdry_EFB at 1100°C. Note that the CO2 yield was not included when calculating the total syngas yield (Fig. 7f). Fig. 8 shows the solar gasification performance, including carbon conversion (XC), syngas lower heating value (calorific content), energy upgrade factor (U), and solar-to-fuel energy conversion efficiency (solar-to-fuel) versus CO2/EFB molar ratio at 1100-1300°C. At any temperature, XC (Fig. 8a) kept on the trend of CO (Fig. 7b) as it increased, reached a peak, and decreased with increasing CO 2 /EFB molar ratio, thereby validating an optimal CO 2 /EFB molar ratio at 2.6. At this optimum, the highest XC value reached 93.1% at 1300C (thus indicating almost complete EFB to syngas conversion), followed by 90.6% at 1200C and 75.1% at 1100C. Syngas heating value (Fig. 8b) increased with increasing CO2/EFB molar ratio and reached the maximum value of 22.5 kJ/gdry_EFB at a CO2/EFB molar ratio of 3.4 because the highest total syngas yield was also obtained (Fig. 7f), composed of H2, CO, CH4 and C2Hm.

Likewise, a temperature rise significantly enhanced syngas heating value, and temperature appeared to have more influence on syngas heating value than CO2/EFB molar ratio. U evolution trend (Fig. 8c) was found to be similar with that of syngas heating value as it increased linearly with the CO2/EFB molar ratio. At 1300C and a CO2/EFB molar ratio of 3.4, U reached a maximum value as high as 1.39, denoting a substantial upgrade of the feedstock calorific value into the syngas products via solar energy supply. Importantly, such a high value of 1.39 closely approached the theoretical U value of 1.43 (calculated from Eq. 2), highlighting the high performance of EFB to syngas conversion. When lowering the temperature, U decreased reasonably from the range of 1.33-1.39 (1300C) to 1.23-1.33 (1200C). However, at 1100C, the U value was below one (0.89-0.92), thus denoting low process performance at this temperature. Similar to the XC trend, the maximum solar-to-fuel of 19.3% exited at a CO2/EFB molar ratio of 2.6, confirming the optimal CO2/EFB molar ratio, followed by 14.2% at 1200C and 10.5% at 1100C. A slight drop in the solar-to-fuel value at a CO2/EFB molar ratio of 3.2 was due to the higher solar energy consumption arising from large CO2 excess, which downgraded solar-to-fuel.

In summary, both CO2/EFB molar ratio and temperature were proved to be essential parameters in continuous solar CO2 gasification of EFB. Improper CO2/EFB molar ratios (either low or extremely high CO2/EFB molar ratio with respect to its stoichiometry) and temperatures were detrimental because they downgraded syngas yield, syngas quality, and reactor performance. Increasing temperature can appreciably promote EFB gasification reaction at the expense of an increased solar thermal power input consumption. High excess of CO2 gasifying agent also requires additional solar energy consumption. The optimal CO2/EFB molar ratio and temperature were found to be 2.6 (slight excess of CO2) and 1300°C, yielding total syngas yield above 76 mmol/gdry_EFB with low unreacted CO2 content in the syngas, XC above 93%, syngas heating value above 22 kJ/gdry_EFB, U up to 1.37, and solar-to-fuel up to 19.3%. Such operating conditions are thus recommended for conducting continuous solar CO2 gasification of EFB, and they can be further applied in an upscale solar gasification process. 

Influence of H2O and CO2 gasifying agents

The choice of gasifying agent in solar gasification can significantly impact the efficiency and product composition of the process. In this study, the effect of H2O and CO2 gasifying agents on continuous solar gasification of EFB was experimentally investigated and compared from 1050°C to 1350°C (with steps of 50°C). In each run, EFB (15 g) was fed at 1.6 g/min under a constant inlet CO2 flow-rate of 0.51 NL/min, resulting in an appropriate CO2/EFB molar ratio of 2.6 (slight excess of CO2), as described in the previous section. The amount of syngas was also compared with the theoretical syngas yield. Note that in the case of CO2 gasification, CO2 yield was not represented in Fig. 9 as its amount mainly came from unreacted CO2.

At any specified temperatures (Fig. 9), EFB+H2O resulted in the production of H2-rich syngas with lower levels of CO, while EFB+CO2 resulted in the production of CO-rich syngas with lower levels of H 2 , in agreement with thermodynamic predictions (Figs. 45) and previous studies on wood biomass gasification [START_REF] Bellouard | Biomass Gasification in an Innovative Spouted-Bed Solar Reactor: Experimental Proof of Concept and Parametric Study[END_REF][START_REF] Chuayboon | Thermodynamic and Experimental Investigation of Solar-Driven Biomass Pyro-Gasification Using H2O, CO2, or ZnO Oxidants for Clean Syngas and Metallurgical Zn Production[END_REF][START_REF] Bellouard | Solar thermochemical gasification of wood biomass for syngas production in a high-temperature continuously-fed tubular reactor[END_REF]. This was because EFB+H2O promoted reactions in Eqs. 3-5, which produced more H2, while EFB+CO2 instead favored reactions in Eqs. 6-7, which produced more CO. CH 4 yield from EFB+CO 2 was found to be lower than that from EFB+H2O thanks to the favored reaction in Eq. 7, which is consistent with thermodynamic predictions (Fig. 5) and previous studies [START_REF] Chuayboon | Thermodynamic and Experimental Investigation of Solar-Driven Biomass Pyro-Gasification Using H2O, CO2, or ZnO Oxidants for Clean Syngas and Metallurgical Zn Production[END_REF][START_REF] Bellouard | Solar Biomass Gasification Combined With Iron Oxide Reduction for Syngas Production and Green Iron Metallurgy[END_REF]. C2Hm yields between H2O and CO2 gasifying agents were found to be not significantly different.

With both H2O and CO2, CO and H2 yield can be significantly improved by increasing the temperature thanks to favored endothermic reactions (Eqs. 3-7). For example, H2 and CO yield from EFB+H2O rose from 19.16 and 16.59 mmol/gdry_EFB at 1050°C to 40.53 and 30.85 mmol/gdry_EFB at 1350°C, while H2 and CO yield from EFB+CO2 increased from 15.25 and 28.79 mmol/gdry_EFB at 1050°C to 20.93 and 53.81 mmol/gdry_EFB at 1350°C. In addition, CH4, C2Hm, and CO2 yields can be lowered by increasing the temperature with H2O and CO2 gasification thanks to a favored steam and dry methane reforming (Eqs. 5, 7), thus improving syngas quality. For instance, CO2, CH4, and C2Hm yields from EFB+H2O declined from 6.32, 5.24, and 1.39 mmol/gdry_EFB at 1050°C to 4.02, 1.59, and 0.76 mmol/gdry_EFB at 1350°C. A significant increase in H2 and CO yields with increasing temperature led to the enhancement of total gas yield, from 48.69 (EFB+H2O) and 48.37 (EFB+CO2) mmol/gdry_EFB at 1050°C to 77.75 (EFB+H2O) and 76.94 (EFB+CO2) mmol/gdry_EFB at 1350°C, thus approaching the theoretical maximum yield of 86.3 mmol/gdry_EFB. The CO/H 2 mole ratio of syngas is highly significant, especially when syngas is used as a building block for producing liquid synfuel; for example, methanol requires a proper CO/H2 ratio of 0.5 [START_REF] De Klerk | 10 -Transport Fuel: Biomass-, Coal-, Gas-and Waste-to-Liquids Processes[END_REF]. Fig. 10a shows the variation of the CO/H2 ratio regarding EFB+CO2 and EFB+H2O gasification in the temperature range 1050-1350°C. A considerable difference in the CO/H 2 ratio between EFB+CO 2 and EFB+H 2 O was noticed (in the range of 1.9-2.7 for EFB+CO 2 and 0.7-0.9 for EFB+H 2 O). Using the CO 2 gasifying agent yielded a much higher CO/H2 ratio than H2O gasifying agent. When rising the temperature, the CO/H2 ratio of EFB+CO2 increased meaningfully. This confirms that a temperature increase promoted higher CO production than H2, while pointing out that the CO/H2 ratio can be adjusted by changing the temperature. The CO/H2 ratio trend for EFB+H2O gasification was opposite since an increase in the temperature promoted more H2 than CO.

Apart from the temperature, the gasification rate also depends on gasifying agent type, which can be investigated by calculating the carbon consumption rate (by integrating carbon production rates of CO, CO 2 , and CH 4 ). Fig. 10b shows the effect of both gasifying agent type and temperature on the carbon consumption rate for EFB+H2O and EFB+CO2 gasification in the temperature range 1050-1350°C, compared with the carbon feeding rate of 0.72 g/min (calculated from the EFB feeding rate of 1.6 g/min). As expected, EFB+H 2 O gasification resulted in a higher carbon consumption rate than EFB+CO2 gasification at any temperature, thus confirming a faster kinetic of EFB+H2O gasification. Moreover, the lower carbon consumption rate of the EFB+CO2 gasification implied a possible issue of EFB accumulation in the reactor, which could more likely occur than with EFB+H2O gasification. This assumption was consistent with the more plateaued curve of the syngas production rate from EFB+CO2 gasification than EFB+H2O gasification (Fig. 6b). In addition, when increasing temperature, the difference in the carbon consumption rate between EFB+H2O and EFB+CO2 became more significant, pointing out the stronger impact of temperature on the gasification rate of EFB+H2O. In addition, regardless of the gasifying agent, the carbon consumption rate increased with temperature and approached the carbon feeding rate at the maximum temperature. For instance, with EFB+H2O gasification, the carbon consumption rate rose from 0.21 g/min at 1050°C to 0.54 g/min at 1350°C, approaching the ideal value of 0.72 g/min. Thus, the gasification rate with both CO2 and H2O gasifying agents can be improved by increasing the temperature. gasifying agents. At any temperature, XC values (Fig. 11a) were comparable, pointing out the negligible effect of gasifying agent type on XC. Increasing temperature significantly improved X C from 74.4% (EFB+H 2 O) and 75.1% (EFB+CO 2 ) at 1050°C to 93.4% (EFB+H 2 O) and 92.9% (EFB+CO2) at 1350°C, consistently with syngas yield trend (Fig. 9). At any temperature, the syngas heating value (Fig. 11b) of EFB+CO2 was higher than that of EFB+H2O, in agreement with their theoretical heating values (this is because the LHV of CO is 282 kJ/mol versus 242 kJ/mol for H2). Likewise, increasing the temperature to 1350°C was shown to upgrade syngas heating value up to 20.8 kJ/gdry_EFB for EFB+H2O and 22.3 kJ/gdry_EFB for EFB+CO2, which closely approached the theoretical heating values of 22.5 kJ/gdry_EFB (EFB+H2O) and 23.0 kJ/gdry_EFB (EFB+CO2). U evolution trend (Fig. 11c) was correlated to the syngas heating value trend (Fig. 11b). U rose with temperature from 0.95 (EFB+H2O) and 0.90 (EFB+CO2) at 1050°C to 1.29 (EFB+H2O) and 1.38 (EFB+CO2), approaching the theoretical U values of 1.39 (EFB+H 2 O) and 1.43 (EFB+CO 2 ). This points out the importance of increasing the temperature to approach the maximum thermodynamic equilibrium limit. Although EFB+CO2 gasification yielded a higher U value than EFB+H2O gasification (Fig. 11c), solar-to-fuel values between EFB+H2O and EFB+CO2 were comparable at any temperature (Fig. 11d). This was apparently because CO2 gasification consumed a higher solar thermal power input than H2O gasification (0.8-1.3 kW for EFB+CO2 versus 0.7-1.2 kW for EFB+H2O), which explained similar values of solar-to-fuel. Thus, the choice of gasifying agents can affect the heat input required for the gasification process. In addition, solar-to-fuel increased with temperature to reach a peak at 1300°C, and then decreased at 1350 °C. The highest solarto-fuel thus occurred at 1300 °C with 19.1% (EFB+H2O) and 19.3% (EFB+CO2). This is because the solar power input at 1350 °C was higher than that at 1300°C (1.2-1.3 kW at 1350°C versus 1.1-1.2 kW at 1300°C), while U values (Fig. 11c) between 1300°C and 1350°C were not significantly different, thus explaining the maximum solar-to-fuel at 1300 °C.

In summary, continuous solar gasification of EFB performed effectively with both H 2 O and CO2 gasifying agents. The type of gasifying agent in solar gasification of EFB significantly influenced the syngas production rate, syngas product composition, syngas yield, and reactor efficiency. A gasification temperature of 1300 °C was found to be optimal regarding the maximum solar-to-fuel. EFB is a byproduct of palm oil industry and can pose significant disposal challenges due to its large volume. Solar gasification of EFB with both H2O and CO2 gasifying agents provides a sustainable and flexible solution by converting EFB agricultural waste, H2O, and CO 2 into useful energy carriers, and contributes to waste management, carbon footprint reduction, and carbon capture and utilization. Combining concentrated solar energy and biomass gasification was shown to be a sustainable pathway toward carbon-neutral solar fuels.

The continuous solar gasification of EFB with either H2O or CO2 was proved to be feasible and could be further applied in an upscale solar gasification plant. Syngas production yield evolution was coherent with thermodynamic prediction. Syngas product composition and reaction rate were dependent on gasifying agent type. Using H2O as the gasifying agent resulted in H2-rich syngas with lower levels of CO, while unreacted H2O can be simply trapped downstream by condensation. In contrast, using CO 2 as the gasifying agent resulted in CO-rich syngas with lower levels of H2, while unreacted CO2 can be lowered both by using a proper CO2/EFB molar ratio and increasing temperature. EFB+CO2 gasification resulted in a slower reaction rate than EFB+H2O gasification, which increased reaction duration and required a higher solar power input, thus reducing solar-to-fuel energy conversion efficiency. Temperature can be used to tune the CO/H2 mole ratio, especially in CO2 gasification. The maximum values of total syngas yields (76 mmol/gdry_EFB), syngas lower heating value (22 kJ/gdry_EFB), and energy upgrade factor (1.37) were obtained for both EFB+H2O and EFB+CO2 gasification, while closely approaching the theoretical equilibrium values, thereby demonstrating high system performance. A gasifying agent/EFB molar ratio of 2.6 (slight excess of gasifying agents) and a temperature of 1300°C were found to be optimum for continuous solar EFB gasification, yielding maximum solar-to-fuel efficiency up to 19.3% and carbon conversion exceeding 93%. The continuous solar H2O and CO2 gasification of EFB was proved to be a promising route for EFB biomass valorization and solar energy storage into sustainable carbon-neutral synfuel. Future work should focus on process economic and environmental impact analyses to identify optimal conditions and evaluate the process largescale feasibility.
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 1 Fig. 1. Carbon-neutral synfuel production cycle via solar H2O and CO2 gasification of oil palm waste biomass.

Fig. 2b shows

  Fig. 2b shows the photograph of the on-sun continuous gasification of EFB. The reactor is gradually heated by concentrated sunlight under argon flow (Ar) from ambient temperature up to the targeted temperature.
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 2 Fig. 2. (a) Schematic diagram of the solar reactor and (b) photograph of on-sun continuous gasification of EFB.

Fig. 3 .

 3 Fig. 3. Evolution of operating temperatures (left), pressure (right) and DNI (right) as a function of operating time during heating, gasification, and cooling periods.
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 4 Fig. 4. Thermodynamic equilibrium product distribution of the EFB gasification with H2O at 1 bar.

Fig. 5 .

 5 Fig. 5. Thermodynamic equilibrium product distribution of the EFB gasification with CO 2 at 1 bar.

Fig. 6 .

 6 Fig. 6. Syngas production rates evolution during continuous solar EFB gasification with (a) H2O and (b) CO2 gasifying agents. Experimental conditions: EFB feeding rate = 1.6 g/min, gasifying agent /EFB molar ratio = 2.6, and T1 = 1300°C.
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 7 Fig. 7. Syngas yields as a function of CO2/EFB molar ratio at 1100°C, 1200°C, and 1300°C: (a) H2, (b) CO, (c) CO2, (d) CH4, (e) C2Hm, and (f) total syngas yield.

Fig. 8 .

 8 Fig. 8. (a) Carbon conversion, (b) syngas heating value, (c) energy upgrade factor, and (d) solar-to-fuel energy conversion efficiency as a function of CO2/EFB molar ratio at 1100°C, 1200, and 1300°C.

Fig. 9 .

 9 Fig. 9. Comparison of syngas yields between EFB+H2O and EFB+CO2 gasification at 1050°C, 1100°C, 1200°C, 1300°C, and 1350°C (the theoretical maximum yield is also reported).
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 10 Fig. 10. Evolution of (a) CO/H2 mole ratio and (b) carbon consumption rate regarding EFB+H2O and EFB+CO2 gasification from 1050°C to 1350°C.

Fig. 11

 11 Fig. 11 compares the solar gasification performance of EFB between H2O and CO2

Fig. 11 .

 11 Fig.11. Comparison of (a) carbon conversion, (b) syngas heating value, (c) energy upgrade factor, and (d) solar-to-fuel energy conversion efficiency between EFB+H2O and EFB+CO2 gasification at 1050°C, 1100°C, 1200°C, 1300°C, and 1350 °C.

  Empty fruit bunch (EFB) waste biomass and solar energy are Thailand's most potentially abundant renewable energy sources. Continuous solar gasification of EFB for sustainable carbon-neutral synfuel production was investigated. A thermodynamic study provided a good prediction of the equilibrium product species under different gasifying agents and temperatures. The continuous EFB gasification was efficiently performed with different operating parameters under real solar radiation conditions, demonstrating the feasibility and reliability of the solar reactor in valorizing EFB waste biomass. The high-temperature solar reactor was successfully operated continuously with H2O or CO2 to determine different relevant performance metrics encompassing the syngas production rate, syngas lower heating value, carbon conversion, energy upgrade factor, and solar-to-fuel energy conversion efficiency.

Table 1 .

 1 Physical and chemical properties of EFB waste biomass.

				Proximate analysis			Ultimate analysis	
	LHV (MJ/kg)	Bulk density (g/cm 3 )	Particle size (mm)	(wt % dry basis) Volatile matter Fixed carbon Moisture	C	H	(wt % dry basis) O S	N	Ash
	16.2	0.17±0.02	1-2	79.2±1.2 17.1±1.1	9.3±0.5	49.6±0.5 7.1±0.1 46.1±0.4 0.05±0.1 0.5±0.1 1.3±0.01
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